The mechanisms of the mixing between separate flows are of high interest in order to increase the efficiency of processes that rely on well mixed flows, such as combustion. In this paper, Planar Laser Induced Fluorescence (PLIF), in two perpendicular planes, of an Iodine-seeded flow was used to visualize and quantify the mixing of three flows due to its non-intrusive properties, where two of the flows were in an underexpanded state, and the third near-ideally expanded. One of the underexpanded flows served as a driver gas for the mixing of the remaining two streams, and it was the ejector nozzles of this flow whose geometry was examined with the goal of passively enhancing its driving capability of the mixing of the remaining two flows. It was determined that in general, small starletted cylinders exhibited the highest degree of mixing, possibly due to the starlets creating largescale structures that entrained the flows into one another. The starlets are also in an underexpanded state; this achieved mixing through convective and diffusive methods, respectively. Starlets did appear to improve the mixing of large cylindrical ejectors, but not to the levels of the small starletted cylinders. Thus, the small starlets effectively maximized both the diffusive and convective aspects of supersonic fluid mixing. Quantitative studies of the PLIF images in general reinforced these conclusions.
I. Introduction
The purpose of these studies was to better understand the mixing behaviors of high-speed flows. It is hoped that by shedding light on the relative mixing properties of this candidate passive mixing enhancement technique, moreeffective passive mixing enhancement means may be developed and quantified. This work can be used to benefit supersonic combustion processes, which rely upon effective mixing of the fuel-containing flow to mix with the oxidizer flow.
It is envisioned that this work may be used to benefit and enhance the knowledge of mixing processes, of which combustion is one of the possible applications. These experiments were designed to expand upon the work of Nikolaev [2000] for application to Chemical Oxygen-Iodine Lasers (COILs), which used an underexpanded driver gas to aid in the mixing of an ideally expanded flow and an underexpanded one. Two sizes of ejectors were tested for this driver gas, as well as the addition of starlets as designed by Carroll and Solomon [2005] , which in essence stretch the mixing interface surface of the downstream edge of the driver gas' nozzle. Experiments were performed to test these different ejectors in both a qualitative and quantitative sense, with and without candidate passive mixing enhancement modifications present. The passive mixing enhancement techniques were inspired by the trailing edge mixing enhancement achieved by Kim and Samimy [1999] , and concept of corrugated nozzles as described by Gilinsky and Seiner [1996] .
PLIF operates by seeding a fluorescent molecule into a flow and exciting it by way of a laser to a higher energy state through the process of photon absorption. In the case of this experiment, Iodine was the logical choice for tracer molecule, as it is not highly-toxic, it fluoresces in the visible range of light, it can be inserted into the flow at or near room temperature, and fluoresces light at a high intensity [Thurber, 2001] . In order to return back to a morestable energy state, the tracer molecule emits photons. The fluorescence is subsequently detected with a high resolution camera, and the desired properties of the flow are examined through image processing. The majority of tracer molecules absorb light at a frequency different from that of which they fluoresce light, which allows possible errors caused by scattering of the laser by either the fluid or any contaminating particles to be eliminated by adding a filter to the imaging device that passes the fluorescence wavelength, but filters out the laser (excitation) wavelength.
In the case of gaseous flows, it is possible to reduce the influence of the tracer particles by using a molecule with a density very close to that of the gas to be investigated to the point where PLIF becomes a nonintrusive [McDaniel, 1983] approach to imaging. By avoiding the use of large tracer particles as used by other imaging techniques, flows with large acceleration gradients can be accurately imaged, as the Iodine molecules do not lag in such flows [Thurber, 2001] . Due to its reliability as a nonintrusive flow diagnostic technique, Iodine PLIF has been used to image nozzles of similar design by Rapagnani [1979] , Muruganandam [2002] , and Noren [2005] , among others.
II. Slot, Ejector, and Injector Block Design
The general arrangement proposed by Nikolaev [2000] was used for the Slot-Ejector-Injector (SEI) block, with large and small cylindrical ejectors, both plain and starletted tested, for a total of four geometries. A diagram of the ejector block with the three slots, four ejector columns, and six injector tubes labeled, is presented in Fig. 1 . This ejector block will henceforth be referred to as the SEI block.
As described by Nikolaev [2002] , the reasoning behind the design of this configuration is to greatly facilitate the mixing between the flows emanating from the injectors and the slots at higher total pressures. The ejector flow is at a very high pressure, exiting the ejectors at a Mach number of unity and in an underexpanded state. The slot flow, due to the large cross-sectional area of the slot and the relatively low flowrate, exits the slots at a subsonic speed and very near a properly-expanded state. The injector flow, like the ejector flow, exits the injectors in an underexpanded state, at a Mach number of or very near to, unity. Immediately downstream of the block face, the high-pressure ejector flow expands and compresses the flows of both the slot and injector flows while forcing the injector flow into the slot flow. The redirection of the injector flows on both sides of the slot forms an aerodynamic throat that accelerates the slot flow to a Mach number of unity [Nikolaev, 2002] . This design concept is depicted in the schematic of Fig. 2 .
The schematic of Fig. 2 views the SEI block parallel to the injector and ejector columns, and is the perspective that will hereto be referred as Vertical PLIF (VPLIF). Rotating the laser sheet 90 degrees in an axis perpendicular to the ejector tubes yields the Horizontal PLIF (HPLIF) imaging perspective, which is the perspective depicted in Fig. 3 . Figure 3 provides a photograph of the four ejector geometries tested with the two imaging orientations referenced. The upper left section depicts the large cylinder configuration, where the six cylindrical holes have a diameter of 0.198 cm and are spaced 0.320 cm center-to-center. The lower left section depicts the small cylinder configuration, where the seven cylindrical holes have a diameter of 0.147 cm and have a center-to-center measurement of 0.264 cm. The upper right section depicts the large starlet configuration, and the lower right section depicts the small starlet configuration. For all four of the SE configurations, the three nitrogen slots each measured 1.501 cm tall by 0.249 cm wide. The starlets are simply cylindrical ejectors with four notches cut into the ends at the exit of the cylinders. Also note that the orientation of the notches is rotated 30 deg. to the alignment of the Slots (3) ejector columns to enhance the mixing by increasing the surface interface stretching. This 30 deg. tilt is depicted in Fig. 13 . 
III. Experimental Setup and Configuration
A detailed description of the PLIF experimental setup, ordered by components, is presented in this section.
Test Section / Cavity
The test section, or cavity, used for this experiment was square and had a constant cross-sectional area, with an equal internal height and width of 12.7 centimeters (cm). The cavity was 40.6 cm long, and had ports on all four sides that enabled the rapid access to the interior of the section for pressure measurements; the cavity dimensions were selected to fit the slot-ejector-injector (SEI) block inspired by Nikolaev [2002] .
The cavity was milled from a square piece of Aluminum and was anodized matte black for corrosion protection as well as to reduce reflection and scattering of light. The cavity had four large openings that were fitted with removable windows. For this series of tests, these windows were 0.635 cm-thick glass plates, affixed to the cavity with two aluminum window retainers each, and sealed with a rubber O-ring. One of these windows is visible in Fig. 4 .
Vacuum System
The main component of the vacuum system was a Kinney KT-850 single-stage rotary vacuum pump driven by a 50 HP electric motor, with an MD-90 Roots blower, powered by a 5 HP motor, installed in series with the pump. These two components were connected to one another by a 20.32 cm diameter vacuum pipe, and combined, the two have the ability to pump a total of approximately 1,100 liters per second, with the exhaust exiting through a 10.16 diameter PVC pipe [King, 2000] . When utilized together and with no flow present, pressures of around 0.5 torr could be achieved in the cavity.
PLIF Equipment
The PLIF setup centered on a Quantel Brilliant B Nd:YAG laser capable of producing 450 millijoules (mJ) of energy per pulse at 532 nanometers (nm); the laser pulses at a frequency of 10 Hz. Images are acquired with an Andor iStar intensified CCD camera, with a GEN III intensifier with a quantum efficiency of approximately 50% at the 532 nm wavelength. In order to remove the background laser sheet from the fluorescence images, a Kintek holographic notch filter was used, which had an optical density (OD) of greater than 6.0 at 532 nm. The lens utilized on the Andor camera for HPLIF was a Nikon Nikkor 85 millimeter (mm) lens, with an f-number of 1.4, while a Nikkor perspective-correcting lens with an f-number of 2.8 was used for VPLIF imaging; this lens allowed for the camera to record undistorted images of a vertical plane while not oriented perpendicular to the plane. The lens was adjusted by placing a dotcard, a card with an evenly-spaced grid of dots on it, at the location of the laser plane and manually adjusting the lens so that the dots were evenly spaced and all in focus on the computer screen output of the CCD camera. This capability was very important for the VPLIF investigation, and As visible in Fig. 4 , the Andor CCD camera and Nikon perspective-correcting lens were oriented at an angle of approximately 30 degrees from the perpendicular to the laser sheet of the vertical PLIF (VPLIF) tests. Only with the perspective-correcting lens did the ability to take proper VPLIF images exist, as the camera could not be placed in the cavity downstream of the SEI block. One result of this setup is that due to the oblique view of the lens, the location of the fluorescence is shifted downward. This may be observed in the PLIF images of Fig. 12 , in which the fluorescing flow appears to be shifted downward relative to the vertical center of the ejector block. PLIF images were recorded in the tagged image file format (TIFF) in two 50-image stacks, later combined into a single 100-image stack, while only one 50-image stack was recorded for the background images. Image processing was performed in MATLAB.
Despite the fact that the camera was fitted with the holographic notch filter, the activation of the camera gate was delayed to eliminate any possibility of capturing background laser scattering.
A range of delay settings were tested, and a setting of approximately 60 nanoseconds (ns) was selected to be the delay between the initiation of the approximately 7 ns-long laser pulse and the activation of the Andor CCD camera gate. According to Sakurai [1971] , the fluorescence of Iodine at 568 nm at pressures near those experienced in the cavity is sustained for around 1.5 microseconds (µs), which is longer than the camera gate time of 1 µs. This validates the method used, demonstrating that the laser pulse will be over when the camera gate is activated, yet the Iodine fluorescence will still be present.
As visible in the timing diagram of Fig. 5 , the 60 ns delay of the CCD camera gate relative to the laser sheet activation allows sufficient time for background laser scattering to disappear, while still timing the camera gate to capture the majority of the Iodine fluorescence.
A series of dichroic mirrors and lenses were used to redirect the laser beam and spread it into a laser sheet. A diagram of the vertical PLIF setup is presented in Fig. 6 , with the horizontal or vertical distances from the reference point specified. The plano-convex lens utilized had a focal length of 750 mm, while the cylindrical lens had a focal length of -254 mm. The cylindrical lens diagrammed in Fig.  6 was rotated 90 degrees in order to change the configuration to that of horizontal PLIF, resulting in a laser sheet oriented as depicted in Fig. 7 . Once properly adjusted, the beam paths were enclosed to prevent errant beams or back reflections. Per the Fig. 6 diagram, the leftmost dichroic mirror and final lens, as well as the CCD camera were mounted on a sliding Thor Labs optical breadboard measuring approximately 61 cm by 91 cm; the center portion of this plate was cut out to prevent interference with the laser cavity support structure. This setup allowed images to be taken at various downstream locations without having to perform a time-intensive realignment of the camera and laser sheet. 
Instrumentation
Pressure measurements were acquired using one PX212-200AV, one PX212-060AV, and various PX319-015AV pressure transducers manufactured by Omega Engineering, with absolute ranges of 200, 60, and 15 psia, respectively. The 200AV and 060AV transducers were used to monitor the upstream ejector feed and the upstream slot flow, respectively, while the -015AV transducers were used to measure cavity pressures. All transducer output signals were routed to a National Instruments (NI) TBX-1303 32-channel DAQ board, which in turn was connected to an NI SCXI-1000 slot chassis by was of a SCXI-1102 32-channel input module. Communication between an HP PC and the SCXI-1000 slot chassis was achieved through the utilization of a SCXI-1600 DAQ and control module that converted the signals to a USB 2.0 output.
Flow measurements were taken with two Micro Motion Elite CMF025H and one CMF010H Mass Flow Sensors. These sensors are capable of maximum flowrates of approximately 42,000 and 2,000 mmol/s, respectively. One sensor each was installed in line with the slot, ejector, and injector flows, and preexisting calibrations were used for each of the different gases. The experiment was controlled and data monitored and collected using a LabViewbased program
IV. Experimental Results
The four ejector geometries were imaged at ejector flowrates Table 1 . Average PLIF Cavity Pressures. of 200, 686, and 1000 mmol/s, a slot flowrate of 32.1 mmol/s, and an Iodine-seeded injector flowrate of 6.9 mmol/s prior to the Iodine being introduced to the flow. Fluorescence and background images were recorded in stacks of 100, and the background was subtracted prior to analysis.
A. Horizontal PLIF (HPLIF)
The first set of PLIF tests were performed with the laser sheet oriented horizontally (HPLIF) as depicted in Fig. 7 . Slices of the image were quantified at downstream locations of approximately 0.87, 1.59, 2.38, and 3.37 cm from the ejector face. The gain settings varied for the different geometries, so a calibration curve was determined over an appropriate range of gain settings. With the background image subtracted, the average fluorescence intensity was determined over the center 70% of the images Figure 7 diagrams the relative orientation of the HPLIF laser sheet to the ejector block. The upstream edge of the laser sheet was located 0.64 cm downstream of the ejector block due to the geometry of the cavity and ejector block. Figure 8 presents a sample HPLIF image from the experiment. The top row depicts the flow from small cylindrical ejectors, while the bottom row depicts small starletted ejectors; instantaneous images are presented in the left column, and the 100-image average is presented in the right column. A quantitative examination of Figs. 8 and 10 indicates that the intensity of the three streams emanating from the small cylinders is slightly greater than that of the streams ejected from the small starlets. Also evident from Fig. 8 is that the four columns of ejectors forced the slot flow to mix with its surrounding pair of injector tubes, as demonstrated by the fact that the three distinct streams visible in Figs. 8-10 , were where the Iodine-seeded injector flow was located once it had traveled at least 0.64 cm downstream. In other words, the ejector flow forced the Iodine injector streams into the slot flow creating a well-mixed fuel-oxidizer region. The location of the 4 ejector columns exhibited nearly no fluorescence, reaffirming the design concept of Fig. 2 with the ejector flows serving as the driver for the mixing of the slot and injector flows.
Figures 9 and 10 present quantitative data from PLIF images similar to those of Fig. 8 . Four slices across the image produced by averaging the 100 instantaneous images were taken at the downstream locations of 0.87, 1.59, 2.38, and 3.37 cm; those four plots are presented for the large ejector geometries in Fig. 9 , and the small ejector geometries in Fig. 10 . Both starletted and plain ejectors are shown in each plot, with the starletted ejectors depicted with a dashed line, and the plain cylinders depicted with a solid line; for clarity, both datasets are also labeled. 
Figure 8. HPLIF streams from small cylinders (top) and small starlets (bottom). Instantaneous images on left and 100-image averages on right
Examining the intensity plots of Fig. 9 , both the starletted and plain ejectors exhibited three distinct peaks at all four downstream locations, with the maximums decreasing steadily as the flow progressed downstream. The presence of these three peaks reaffirms the fact that the ejector flow is serving as a driver gas, forcing the slot flow to mix with the two injector flows between which the slot was located. For the large ejector cases, at the first three downstream locations, the starletted ejectors exhibited slightly higher intensities than the plain cylindrical ejectors, which was contrary to what was expected, but by the 3.37 cm downstream location, the starletted ejectors exhibited a lower number of counts than the plain cylindrical ejectors across the entire 512 pixel slice. Since the volume of gas and amount of Iodine present, and thus the "quantity" of fluorescence, was assumed to be the same for both cases, lower count values may be taken to imply more thorough mixing between the seeded and non-seeded flow. In summary, Fig. 9 suggests that beginning 3.37 cm downstream from the ejectors, starletted ejectors exhibited improved mixing, while upstream of that location, the large plain cylinders exhibited marginally better mixing than the large starletted cylinders. Figure 10 presents the four quantitative HPLIF slices from the small ejector geometries. The general shape as one moves downstream matches that of the large ejector geometries, but the count values are lower across the board. While the starletted large ejectors averaged just over 90,000 counts at each peak at the 0.87 cm downstream location, the small cylinders averaged around 80,000 counts, while the small starlets' average was just below 70,000 counts. At each of the four downstream locations, the starletted ejectors produced lower peak values than the plain cylindrical ejectors, reaffirming the conclusion that the starlets may aid in the mixing of the seeded Iodine flow with the Nitrogen flow of the slots. It should be noted that different gain settings were used for the four geometries, but those gains were standardized using a curve fit with an R 2 value of greater than 0.99 Figure 11 depicts the laser sheet orientation that was utilized for the vertical PLIF (VPLIF) investigations. Data was acquired at 200, 686, and 1000 mmol/s ejector flowrates, a slot flowrate of 32.1 mmol/s, and an injector flowrate of 6.9 mmol/s; VPLIF images were taken at downstream locations of 1.27, 2.54, 5.08, and 10.16 cm downstream of the ejector block face. For the sake of brevity, only VPLIF images from the 686 mmol/s small cylinders and starlets cases are presented in Fig. 12 of this paper.
B. Vertical PLIF (VPLIF)
Examining the VPLIF images of the large cylinders and starlets, it was readily apparent that the fluorescing flow was shifting upward as it progressed downstream; the flow was centered vertically at the 1.27 cm location, but by the 10.16 cm location, it appeared to have moved upwards approximately one third of the image height as visible in Fig. 12 . At the 1.27 and 2.54 cm locations, the injector and ejector flows were still recognizable as separate, but by the 5.08 and 10.16 cm downstream locations, the flow appeared to have mixed into a mushroom shape as identified by Kim and Samimy [1999] . At the 5.08 cm location for flowrates of 686 and 1000 mmol/s, three distinct dark regions were visible, with the region being larger at the 1000 mmol/s flowrate; this was the unseeded Nitrogen flow from the ejectors. The geometry, as pictured in Fig. 11 , contained four slots; the existence of three regions caused by the slots may be explained by the fact that the center downstream region was larger than the outer two. This indicated a coalescence of the flows emanating from the inner two ejector columns; as the ejector flowrate was increased, this coalescence grew relative to the outer two regions, and at a flowrate of 200 mmol/s, it was just possible to discern four distinct regions of unseeded flow. Comparing the large cylinder flow to the large starlet flow, the lighter regions were larger and less-defined for the latter, qualitatively indicating a higher degree of mixing between the three flows and better dispersion of the seeded injector flow having emanated from the starlets. The small starletted case at 1.27 cm in Fig. 12 appears to show a tilt to the flow pattern, which is consistent with the 30 deg. tilted design depicted in Fig. 13 . Examining the images from the small cylinders and starlets, it was not surprising that the same general trends, such as loss of definition and the upward deflection of the flow, were visible as one examined each row from left to right. When compared with the large geometries, the fluorescence regions downstream of the small cylinders and starlets appeared to be larger and less intense than their large-geometry counterparts, qualitatively suggesting that small cylinders provided better mixing than large cylinders and small starlets better mixing than large starlets. The corrugations observed here were smaller and more numerous, which was to be expected from an increased number of smaller ejectors. Also visible in the small ejectors as well as the large ejectors was a bowing out of the fluorescence signal near the vertical center of the block. Combining this observed feature with the fact that the fluorescence appeared to be taller than the ejector and injector columns reinforces the fact that two of the flows were highly-underexpanded. While the flow was able to expand vertically at the top and bottom of the injector and ejector columns, no room was present near the center (where ejectors were located above and below), and as a result the flow and consequently the fluorescence signal expanded laterally, which manifested itself in the PLIF images as a distinct bowing out of the fluorescence near the center.
Once again, the four distinct ejector flow regions were more discernable at a flowrate of 200 mmol/s, and the coalescence of the inner two ejector regions appeared to occur at a slower rate, as shown by the smaller center region of fluorescence-free flow. As was the case with the large geometries, the starlets once again appeared to enhance the mixing when compared to the small cylinders, as evidenced by the more diffuse and less-defined averages of the small starlets. For the two small ejector geometries, the flow appeared to be directed upward, but in contrast to the large geometries, the fluorescence regions downstream of the small ejectors did not resemble the mushroom shape of Kim and Samimy [1999] ; this shape was observed with the large geometries.
Determining the Spatial RMS (SRMS) across the entire 512 by 512 pixel image was not preferable, especially at the closer downstream locations, because the areas not affected by the slot, injector, and ejector flows would affect the resulting numbers. As a result, it was decided to calculate the RMS values over limited portions of the images; these areas were selected in order to encompass as much of the mixing area as possible, and were determined from the data at the 686 mmol/s ejector flowrate. At the four downstream locations, these RMS areas covered 30%, 38%, 51%, and 43% of the image, respectively. The boxes were sized to the 686 mmol/s case, as this was approximately the flowrate that was equivalent to the flow conditions tested by Nikolaev [2002] . Since the camera alignment and flow direction differed slightly between all of the geometries, the coordinates are not identical; the box dimensions at each downstream location, however, were maintained. Figure 14 provides the SRMS values normalized by the average intensity for all four geometries at an ejector flowrate of 200 mmol/s. Starletted geometries are filled with a checkered pattern, while the plain cylinders are filled with a solid color. At each of the four downstream locations, the small ejector geometry exhibited lower normalized SRMS values than the large geometries. The only exception to this trend occurred for the small cylinders 10.16 cm downstream of the ejector face, which exhibited a slightly higher normalized SRMS value than that of the large cylinders; the large starlets however, had a higher normalized SRMS value than that of the small starlets. This higher SRMS value suggests that the addition of starlets creates a less-stable flow in time. The data for the 10.16 cm large cylinders is an outlier to this observation, as the previous trends suggest that it should have a marginally higher SRMS value than the large starlets. Figure 15 provides the SRMS values normalized by the average intensity for all four geometries at the Nikolaev ejector flowrate of 686 mmol/s. Aside from the large cylinders 10.16 cm downstream of the face, which was an outlier to the trends observed in Fig. 14 Figure 16 provides the SRMS values normalized by the average intensity for all four ejector geometries at an ejector flowrate of 1000 mmol/s. Once again, the 10.16 cm downstream large cylinders data appears to be an outlier to general trends, as it is the only that differs from the observation that the small ejectors, both with and without starlets, having the lowest normalized SRMS value, followed by the large ejectors. Normalized SRMS values were around 0.64, 0.65, 0.84, and 1.04 for the small ejectors at the four downstream locations, respectively, while the large ejectors exhibited normalized SRMS values of around 0.69, 0.67, 0.85, and 1.05 at the four downstream locations, respectively.
V. Conclusions
Horizontal PLIF (HPLIF) images clearly demonstrated for all four ejector geometries that the ejector flow significantly drove the mixing between the slot and injector flows. Qualitative observations of the HPLIF images suggested that small ejectors exhibited improved mixing over large ejectors, and that starlets demonstrated a higher degree of mixing than their cylindrical counterparts. Quantitative analysis of the HPLIF data suggested no benefit was achieved from the starlets until the flow was 3.37 cm downstream of the ejector face for small ejectors, but mixing improvement from starlet addition was demonstrated at all four locations for the large ejectors. Small ejectors produced lower overall count values than the large ejectors, suggesting that small ejectors produced better mixing than the large, in agreement with the qualitative analysis.
Vertical PLIF (VPLIF) imagery from the large ejectors reproduced a mushroom shape similar to that first observed by Kim and Samimy [1999] , but this was not observed for the small ejector geometries. Once again, qualitative analysis of the VPLIF data largely reaffirmed the merits of small and starletted ejectors as opposed to large and plain (cylindrical) ejectors, respectively. In general, spatial RMS data at three flowrates demonstrated lower RMS values on average for the small ejectors when compared to the large ejectors, and demonstrated the lowest RMS values for small starletted ejectors at the furthest downstream location at all three flowrates, and at all locations for ejector flowrates of 686 mmol/s and 1000 mmol/s. It should be noted that there seemed to be an outlier to these observed trends for the large ejector at the most-downstream location. From these data it may be concluded in general that at ejector flowrates of and above 686 mmol/s, starlets produce a mixing advantage over plain cylindrical ejectors, and smaller ejectors are preferable to large ones. The data at the ejector flowrate of 200 mmol/s was deemed inconclusive in regards to starlets versus plain cylindrical geometries, but did reaffirm the improved mixing characteristics previously noted of the smaller ejectors.
